INTRODUCTION

23
Populations of apex predators are in global decline, resulting in a major trophic downgrading of functional 24 ecosystems and ecosystem services [1] [2] [3] . Trophic cascades -the top-down effects predators have on food 25 webs across multiple trophic levels -are especially relevant to management efforts to re-introduce 26 predators and restore ecosystem function 4, 5 . Beyond the common tri-trophic model (carnivore-herbivore-27 plants), apex predators also influence food webs through intermediary species (e.g., omnivores and 28 mesopredators) 6 . Top predators control surges of mesopredator populations and thus decrease pressure 29 on subordinate mesopredators and prey 7, 8 , or they may directly predate or scare prey, changing their 30 foraging behavior, location, and vigilance 4, 9 . However, documenting a dynamic trophic cascade in real 31 time is rare and most studies instead rely on short-term monitoring of indirect evidence, or comparisons 32 of systems with or without an apex predator 4 . 33
In North America, trophic cascades caused by pumas have not attracted the same attention as those 34 caused by wolves 10 , despite pumas being the most widely distributed carnivore in the western 35 hemisphere 2 . To our knowledge, only three studies on puma-mediated trophic cascades have been 36
published to date, all of which relate to their extirpation from studied ecosystems [11] [12] [13] . Pumas are known 37 to be subordinate to grizzly bears (Ursus arctos), wolves (Canis lupus) and jaguars (Panthera onca) where 38 these rarer predators still occur 14 . Pumas have become the apex predator across the Americas, despite 39 some regional extirpation and their fragmented distribution 15, 16 . Moreover, pumas are affected by human 40 activities and tend to avoid humans both in space (e.g., a lower occupancy correlated with human 41 density 14 ) and time (e.g., increased nocturnal activity in high-versus-low human densities 17 ). 42
Here, we demonstrate that the natural increase in resident pumas in a small exurban preserve (≈ 5 km²) 43 was responsible for a multi-tiered trophic cascade, affecting both the abundance and behavior of its main 44 prey, the mule deer (Odocoileus hemionus), and its competitor, the coyote (Canis latrans), which in turn 45 had downstream effects on subordinate predators and prey. We employed a suite of different approaches 46 to reveal this finding and its underlying mechanisms: (1) relative abundance index (RAI) and detection 47 probability inference from long-term camera-trapping efforts, (2) empirical dynamic modeling to infer 48 causal interspecies relationships from RAI data, (3) diet analysis of predators from fecal samples, and (4) 49 daily activity cycle analysis to study behavior. 50
RESULTS
51
From 2010 to 2017, 176446 pictures were collected in Jasper Ridge Biological Preserve (JRBP; Stanford, 52 CA) in a total of 39621 trap days, with 9 cameras starting in 2010 (7-year dataset) and 16 in 2012 (5-year 53 dataset), the latter set covering the preserve more extensively. Wildlife was captured in 50% of the 54 photos, 29% contained humans and 21% were blank. We extracted independent photographic events for 55 11 mid-large animal species, but chose to focus on 5 species hypothesized to be part of a food web: puma, 56 mule deer, coyote, bobcat (Lynx rufus), and gray fox (Urocyon cinereoargenteus) ( Table 1) . 57 
61
The RAI and detection probability time series showed a substantial increase in pumas within an 18-month 62 interval, which then stabilized (time points T1-T2 in Figure 1 , S1 and S2). During that period, the RAI of 63 mule deer and coyote decreased, and both were relatively stable after three years (T3). During this shift, 64 the RAI of gray foxes increased substantially. Bobcats on the other hand, kept a similar detection 65 probability ( Figure S2 ) and RAI in the 7-year dataset, but the latter differed substantially from the 5-year 66 RAI curve. Such inconsistency can be explained by the biased spatial coverage of the 7-year dataset. We 67 also looked at coyote group size over time and found that events involving more than one individual were 68 frequent before 2012 and subsequently declined, such that almost all coyotes are now observed as 69 individuals ( Figure S4 
74
In order to investigate causal relationships between the five species, we conducted an empirical dynamic 75 modeling (EDM) approach called convergent cross-mapping (CCM) 18 (Figure 2 and S3). This approach uses 76 time series to reconstruct the dynamics of a system by constructing a state-space manifold using only the 77 time series of the hypothesized response variable (e.g., deer RAI). This manifold is then used to infer the 78 time series of the driver (e.g., puma RAI). If the inferred driver time series matches the observed driver 79 time series (measured by cross-mapping skill and convergence), then CCM suggests that there is a causal 80 relationship between the hypothesized driver and response variable (see Methods for details). The results 81 primarily show that abundance of puma drives that of deer, coyote and gray fox (Figure 2a, 2b and 2d) . 82
There is some evidence of bottom-up feedback as well, although generally top-down regulation is stronger 83 (higher cross-mapping skill). There seems to be a causal relationship between the canids as well (Figure  84 2e); however, the results from the 5-year dataset were not significant ( Figure S3e ). There is no significant 85 relationship between bobcats and puma, and bobcats and coyotes (Figure 2c and 2f) . 
97
Mule deer DNA was present in all puma scat (Frequency of Occurrence; FOO=1), dominating the diet. 98
Coyote was also found in puma's diet (FOO=0.08). The diet of the coyote overlaps by 45% with the puma 99 (See Table S3 ) and mostly consisted of rodents (Operational Taxonomic Unit; OTUs=4; FOO=0.09-0.64), 100 deer (FOO=0.27), and lagomorphs (OTUs=2; FOO=0.09-0.36). Gray fox and bobcats mainly consumed 101 small mammals (rodents and lagomorphs) and overlap substantially with the coyote (71 and 74% 102 respectively), but not with the puma (14 and 19% respectively). 103
Finally, we found that multiple species changed their daily activity cycle after the increased abundance of 104 puma (T3) compared to before (T1). Mule deer ( 
DISCUSSION
117
Pumas natural return to JRBP in 2013 caused a trophic cascade that is strongly supported by multiple lines 118 of evidence. First, time series of RAI and detection probability show a strong increase in pumas in just 18 119 months and an immediate, coincident decrease in mule deer and coyotes (59% and 86% decrease in RAI 120 respectively in 33 months between T1 and T3). Coyote group sizes also declined, indicating they became 121 more transient than resident 8 . By provoking the decline of coyotes, which were the prior dominant 122 predator in the preserve, pumas have allowed smaller carnivores such as gray foxes to fill the canid 123 niche [19] [20] [21] [22] . Second, convergent cross-mapping validates that the pumas are exerting a top-down influence 124 on this cascade. Third, fecal DNA analyses of pumas demonstrate that their primary prey is deer and 125 occasionally coyotes. Fourth, dietary preference of deer, and even coyote, by pumas is corroborated by 126 the 'ecology of fear'
23 we see in the divergent diurnal activity of deer and coyote following the rise of 127 puma in our study: deer and coyote are less active during nightly periods of higher puma activity. The 128 response of bobcats to pumas remains ambiguous as previously reported in the region 17, 24 . However, 129 unlike the other species, the bobcat results depend on which dataset we use. The RAI and CCM indicate a 130 direct interaction between bobcats and pumas in the 5-years dataset, but not in the 7-year dataset, which 131 we interpret as a difference in the particular placement of the newer cameras in areas preferred by 132 bobcats. Importantly, bobcat diet almost exclusively contains small rodents and lagomorphs, suggesting 133 no direct competition for food with the puma. 134
The trophic recovery may have other indirect effects on the ecosystem. Our results confirm that coyote 135 infrequently consume large herbivores and favor smaller mammals 25 , while the puma diet is dominated 136 by mule deer (as documented elsewhere in California
26
). This puma-mediated suppression of large 137 herbivores may thus impact plant diversity and demography 27 . While we do not have data to support this 138 effect here, the noticeable absence of browsing at sites where pumas are most frequently present could 139 impact tree regeneration, which has been documented elsewhere to be induced by a landscape of fear 28 . 140
Similarly, we noted the presence of seeds in all of the gray fox scat, which may play a large role in seed 141 dispersal 29 , both in abundance and distribution as gray foxes become more common. Finally, by hunting 142 mule deer, pumas generate an increasing number of carcasses, which are sources of food for carrion-143 dependent invertebrates 30 , smaller predators and scavenger birds such as turkey vultures 31 . Mule deer 144 DNA found in the diet of all mesopredators could thus be explained by consumption of carcasses. 145
Moreover, cameras deliberately set at deer carcasses observed this menagerie of scavengers, culminating 146 with visits by turkey vultures, which have been increasing in the preserve ( Figure S5 ).
The dense and permanent infrastructure of cameras traps presented here has allowed us to document a 148 trophic cascade with an unprecedented level of detail. While this type of monitoring is not feasible 149 everywhere, there are no technical barriers to its spread in suburban environments. 150
Most importantly, our study shows that small biological islands should not be abandoned in these highly 151 fragmented landscapes dominated by humans. We show that trophic recovery in such landscapes is 152 possible over a short period of time, provided the conditions favoring these large predators are met 11, 17, 32 . 153
In this preserve, these conditions might include a limited public and vehicle access, low human density 154 and being unused at night. In addition, the preserve is in close proximity to the Santa Cruz Mountains, 155 which are largely protected from urbanization and have an abundance of pumas 15, 17, 31 . Finally, 156 surrounding residential areas are of low density, typically unfenced, and replete with tree-lined drainages. 157
These conditions seem to allow the puma to dominate the adaptable and synanthropic coyote, which has 158 otherwise significantly expanded its distribution across North America as a result of the extirpation of 159 larger predators 33, 34 . As such, small suburban preserves are not only refuges for rare species 35 , they also 160 support functional ecosystems where the top-down forcing of an apex predator can be realized. In the 161
Anthropocene, these protected areas have a decisive role to play in stopping the erosion of biodiversity 162 and, therefore, must be given immediate priority in conservation. 163
METHODS
164
Study area and camera traps 
Species Relative Abundance and Detectability
202
We calculated the relative abundance index (RAI) as the number of events per camera trap per year. RAI 203 was thus calculated for each day with a 1 year moving window for both the 7-year and 5-year datasets. In 204 addition, we calculated the detection probability using the R package unmarked 36 . Detection/No-205 detection per camera were calculated in periods of 1 week for both datasets. Detection probability was 206 then calculated for periods of 1 year (52 weeks) with a step of one week. 207
Empirical Dynamic Modeling
208
We used the RAI time series to perform empirical dynamic modeling (EDM); an approach that detects 209 putative causal relationships in nonlinear systems 18 . First, we standardized the time series to zero mean 210 and unit variance for unbiased comparability between species abundance. Next, we used an EDM method 211 called convergent cross-mapping (CCM) 18 with simplex projection 37 to infer causal relationships between 212 species. CCM cannot, however, distinguish between the different types of relationships, e.g., competition 213 versus predator-prey dynamics, or how abundance is mediated (e.g., through birth-death processes, 214 change in diel activity, or migration). However, we also conducted diet and behavioral analyses to address 215 this gap. 216
The CCM method uses time series of different variables (e.g., different species RAI) to reconstruct 217 dynamics of a system by constructing a state-space manifold. Here, the manifold represents the different 218 states of the ecosystem of the species included in this study. This method uses the property of Takens' 219
Theorem
38
, which states that a manifold, M, representing a system can also be reconstructed using just 220 one of the variables (e.g., puma RAI) lagged against itself (e.g., X(t), X(t-τ), X(t-2τ) for variable X and time 221 lag τ). This creates a univariate shadow manifold MX that preserves the properties of the original manifold 222
M. CCM detects causal relationships between variables X and Y by comparing local points x(t) and y(t) on 223
shadow manifolds MX and MY, respectively predation or by changing deer behavior, then information about puma RAI will be embedded in the 225 dynamics of deer RAI, such that the shadow manifold Mdeer can reconstruct past values of puma RAI. 226
The first step of EDM was to construct a univariate shadow manifold from each individual time series. The 227 optimal number of lagged times series plus the original time series-i.e., the embedding dimension E used 228 to construct the manifold-was obtained by performing a nearest-neighbor prediction method called 229 simplex projection 37 . The E that generated the highest prediction skill  (Pearson's correlation coefficient 230 between observed and predicted values using simplex projection), was chosen for the reconstruction of 231 shadow manifolds to be compared (cross-mapped) when performing CCM. The cross-mapping between 232 the dynamics of a putative driver (e.g., puma abundance) and the dynamics of a putative response variable 233 (e.g., deer abundance) is, again, performed using simplex projection. If there is a causal signal in the data, 234 then the longer the time series, the denser the shadow manifold becomes, and the shorter the distance 235 between nearest-neighbors becomes, leading to higher prediction skill. This phenomenon, called 236 convergence, is an essential criterion for CCM to detect causal relationships. 237
We used a null model to assess the significance of the CCM results for causality between a pair of variables 238 The indexed second PCR products (n=118) were quantified and assessed for quality control and 277 quantifying amplicon DNA yields using the Fragment Analyzer, normalized to equimolar concentrations 278 and pooled together before purification using QIAquick PCR Purification Kit (Qiagen). 279
Sequencing was performed on a Miseq platform using the Reagent Kit Nano v3 for 2 x 300 bp PE (Illumina,  280 San Diego, CA, USA) and run at Stanford University PAN Facility. A 30% PhiX DNA spike-in control wasadded to improve the data quality of low diversity samples such as single PCR amplicons used in this study. EcoPCR was then used to simulate an in-silico PCR, using the Mimammal-U primers and maximum 3 296 mismatches. Ecotag was then used to identify dietary sequence, while inspecting and revising taxonomic 297 assignments to ensure validity. Sequences with poor matches to reference database (<95%) were 298 removed. After quality control, our final data consisted of 99 samples for the diet analysis (puma=13, 299 coyote=11, bobcat=30, grey fox=45). 300
Diet composition was quantified using Sequence Occurrence (i.e., presence/absence) which when 301 averaged across all samples yields relative frequency of occurrence (FOO) and the mean sequence Relative 302
Read Abundance (RRA) range defined as the proportion of unique Illumina sequence reads in a sample 303 divided by the final (i.e., after quality control & removal of host species reads) number of sequence reads 304 in that sample 43 . 305
We used Pianka's adaptation of the niche overlap (Ojk) metric to determine diet overlap among all pairs 306 of target carnivores 47 : 307
308
Whereas pij is the proportion of prey species i in carnivore species j diet, pik is the proportion prey species 309 i in carnivore species k diet, n = Total number of available prey species and Ojk = 0 represents no overlap, 310 whereas a value of Ojk = 1 represents complete overlap. 311
Daily Activity Cycle
312
We looked for changes in daily activity cycle over time by measuring the overlap of activity between 313 species (predator-prey). Because daily activity cycle of mammals depends largely on daylight rather than 314 time of day, we considered the seasonal patterns in sunlight. To do so, we standardized all recording times 315 in a standard day where sunrise, solar noon, sunset and solar midnight are set as 6am, 12pm, 6pm and 316 12am respectively. We obtained time of sun cycle for Stanford, CA, from the Astronomical Applications 317
Department of the U.S. Naval Observatory (http://aa.usno.navy.mil/data/docs/RS_OneYear.php). We 318 then rescaled the times of pictures recording into the standardized day depending on the day of 319 observation. Our standardized daily activity cycle is thus representative of the control of daylight on 320 animals' activity. Next, we used the R package overlap 48 to plot patterns of daily activity cycle. The overlap 321 varies between 0 (no overlap of time of activity) and 1 (complete overlap of time of activity). Confidence 322 intervals of 95% for the overlap were estimated with 1000 bootstraps. First, we looked for changes in daily 323 activity cycle for the same species between the year before the cascade (T1) and the year after (T3). 324
Second, we looked for changes of daily activity cycle within a species over time. For each species, we thus 325 used the first 12 months to define a reference year and then compared it with each successive year, with 326 a step of 1 month. Finally, we compared the daily activity cycle of predators and their prey. In some cases, 327 there were not enough observations per species per year to produce an accurate representation of their 328 daily activity cycle and we decided not to include them in the results. In addition, we considered that a 329 minimum of 50 observations were necessary to use Δ4, and resorted to Δ1 otherwise 49 . 330
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